Summary: Crown dimensions of the maxillary molars were measured in the koala (Phascolarctos cinereus). There were no significant differences in crown diameters between the first and second molars, however the fourth molars were reduced in all crown diameters. The third molar was smaller than the first or second molars in buccolingual crown diameters but there were no significant differences in mesiodistal crown diameters. It is proposed that the similar shapes of the first and second molars are associated with similar types of masticatory activity involving these teeth, The shape of the third molar, which is reduced in size buccolingually, may be linked to the koala's occlusal function which is characterized by a condylar action that leads to differences in movement between opposing anterior and posterior molar teeth during the occlusal stroke. The fourth molar, the smallest of the molar teeth in crown diameter, erupts significantly later than the other molars, and its reduction may be explained by the terminal and distal reduction theories. It is proposed that the pattern of molar morphology in the koala is associated with both masticatory activity linked to its characteristic occlusal function, as well as reflecting the sequence of tooth emergence.
Introduction
It is accepted widely that the dental morphology of mammals is closely related to their masticatory function and feeding habits 1) . There have been many general descriptions of the teeth of mammals and morphological differences have been observed even within the same species 2) . Within the molar series, variations in number, form and size of teeth have been reported in many mammalian species 3−9) . Although some explanations and hypotheses relating to these variations have been proposed 10−15) , the patterns of molar morphology vary in different species of mammals, including humans 3, 5, 16) , so additional investigations of mammalian dentitions that have not yet been described are still needed.
The koala is a specialized folivore and its diet is restricted to eucalyptus leaves. This specialization is reflected in a high degree of adaptation in dental crown morphology and jaw movement 17, 18) . Therefore, this animal provides a good model to investigate morphological changes in the dentition and to explore the relationship between form and function.
The aim of this study was to quantitatively describe morphological differences within the maxillary molars of the koala, from the first to the fourth molar, to determine whether there were any trends or relationships evident within or between these teeth and to interpret the findings in the light of current knowledge about mammalian molar morphology.
Materials and Methods
A sample of 14 dry koala skulls (8 males and 6 females) housed in the Discipline of Anatomical Sciences at The University of Adelaide, Adelaide, South Australia, Australia, was examined. These specimens were selected as they displayed no loss of teeth and very little wear on occluding dental surfaces.
Maxillary right molar crown dimensions, including buccal and lingual mesiodistal diameters (BMD, LMD) and mesial and distal buccolingual diameters (MBL, DBL) were measured to the nearest 0.01 mm using digital sliding calipers (Mitsutoyo Co., Japan) with specially pointed beaks (Fig. 1) . Each tooth was measured three times by one observer (R.U.) and the average of the three readings was taken as the diameter for that tooth. Some dental crown indices including length-breadth indices (MBL/BMD × 100, DBL/LMD × 100), mesiodistal diameter index (LMD/BMD × 100), buccolingual diameter index (MBL/DBL × 100),and the crown module ((BMD +LMD+MBL+DBL)/4) were calculated for the four maxillary right molar teeth. The size reduction of molar teeth was analyzed according to the reduction index described by Fujita 19) . Descriptive statistics, including mean values, standard deviations (SD) and coefficients of variation (CV) were calculated using Statcel 2 (OMS Publishing Inc., Ver. 2, Japan) on a personal computer. Differences between measurements were analyzed using Student's t-test, as well as Mann-Whitney's U-test and Wilcoxon's signed-ranks test. The probability level for statistical significance was set as p < 0.05. Table 1 shows mean values, standard deviations (SD), coefficients of variation (CV) and crown indices for the maxillary molar crown diameters of the koala and the results of t-tests between the maxillary molars. There were no significant differences in crown diameters between the first and second molars. The fourth molar was smaller overall than the other molars in both sexes. The first molar showed almost the same value as the other molars in LMD/BMD, but was larger than the other molars in DBL/LMD. In comparison, the value of the CV for the first molar was smallest, indicating that it showed the least relative variability in size. For all the molars, the values of the ratio MBL/DBL were over 109. Table 2 displays the crown diameters that showed significant differences between males and females. The female fourth molar was smaller than the male fourth molar in every crown diameter and also in the crown module. No significant differences in crown indices were noted between males and females. Table 3 shows the reduction index (RI) statistics for the second to fourth molars. The third and fourth molars were reduced in all crown diameters, as well as in the crown module, in both sexes, while the second molar in females was larger except for the DBL dimension. Figure 2 provides a schematic representation of the outlines of the maxillary molar crowns. The buccolingual crown diameter of the third molar was smaller than first and second molars and the fourth molar was smaller in buccolingual and mesiodistal crown diameters than the other molars. 
Results

Discussion
Although many studies have been published on mammalian maxillary molar morphology, including in humans, little is known about the dentition of the koala. In the present study, the fourth molar was found to be smaller overall than the other molars and the third and fourth molars were reduced in all crown diameters and also in the crown module. In addition, according to the MBL/DBL values, in all molars the mesial buccolingual crown diameter was larger than the distal buccolingual crown diameter by 9−19%. Although the first and second molars were similar in mesiodistal and buccolingual size, our findings are generally consistent with the terminal and distal reduction theories that were put forward originally by Bolk 20) and Fujita 21) , with later-forming and more distal molars in the dental arch tending to show more reduction in size than earlier-developing more mesially placed molars.
Some explanations and hypotheses have been published previously to explain the pattern of variability in crown morphology observed along the mammalian molar series. For example, Butler 10) hypothesized that the forms of teeth are influenced by morphogenetic fields with the position of each tooth within a particular field showing a graded expression of features according to its location. Sofaer 12) noted that later-developing teeth are more likely to be restricted for space and tend to be smaller than earlier-developing members of the same class. Gingerich 14) stated that a central tooth in the tooth row should be the best integrated functionally, and thus the least variable. In the koala, the eruption sequence of the molars occurs from the first to the fourth 22) . In spite of their eruption order, in this study the first and second molars showed almost the same values for buccolingual and mesiodistal crown diameters. Gingerich and Shoeninger 15) proposed variability is related to occlusal complexity and in indriids the second molars were found to be consistently less variable than first molars even though they tend to develop and erupt later. The extent of tooth wear of maxillary molars in the koala was recorded and assigned to tooth wear classes based on Martin 23) , and the extent of wear was similar on the first two mo- lars. It is suggested that the lack of significant differences in crown diameters between the first and second molars may reflect similar levels of masticatory activity associated with these two teeth. Lanyon and Sanson 17) observed occlusal relationships of the koala by videoradiography and explained that the ipsilateral condyle acts as a fixed hinge, where the centre of rotation of horizontal mandibular movement lies within the ipsilateral condyle head on the active side and ipsilateral hinging is maintained throughout the occlusal stroke. As the arc of the lower jaw moves, the more anterior teeth move considerably further than the posterior molars during occlusal function, with the posterior molars sequentially entering occlusion before the anterior molars. This arc is reflected in dental arch width in the molar region, with the inter-molar distance being wider in the region of the anterior molars than the posterior molars. Although these authors did not describe the detail of differences in buccolingual crown diameters between molar teeth, the smaller buccolingual crown diameter of the third molar may be linked to differences in occlusal function along the molar row. Macho 24) noted that not all the results from morphometric studies of the dentition can be entirely explained by the field theory or the hypotheses of environmental constraints on later developing teeth. In the koala, it is suggested that masticatory activity and the characteristic occlusion of the koala are associated with their molar morphology, in addition to the influence of eruption order. 
